The senescence-accelerated mouse (SAM) is known as a murine model for accelerated aging. The SAMP8 shows age-related deficits of learning and memory at an earlier age than control mice (SAMR1). We investigated the changes in oligodendrocytes in the brain of SAMP8, using immunohistochemistry for myelin basic protein (MBP) and 2,3-cyclic nucleotide 3-phosphodiesterase (CNP) as an oligodendrocyte marker. SAMP8 at 10 months old showed a decrease in MBP-immunoreactivity (IR) and CNP-IR in the hippocampal CA1 subfield, compared with SAMR1. There were no significant differences in MBP and CNP old in the cerebral cortex and the optic tract between SAMR1 and SAMP8 at 10 months. Furthermore, we measured the area of MBP-IR in the CA1 subfield of both strains and found that the area of MBP-IR in SAMP8 had decreased progressively with age, compared with SAMR1. These results suggest that age-related degeneration of oligodendrocytes had occurred in the hippocampus of SAMP8.
The senescence-accelerated mouse (SAM) is a murine model of accelerated aging symptoms established by Takeda et al. 1) SAM is composed of eight aging-prone (SAMP) lines and three resistant (SAMR) lines. SAMP8 shows marked impairment of learning and memory. [1] [2] [3] We previously reported several neurochemical alterations in the hippocampus of aged SAMP8 such as i) the elevated amounts of glutamate and glutamine in the hippocampus, 4) ii) the decreased release of acetylcholine and noradrenaline 5, 6) in comparison to agematched controls from strain SAMR1. Yagi et al. 7) reported that the spongy degeneration in the brain stem of aged SAMP8 in histological analysis. They also reported that vacuolization in the brain stem was caused by changes to both oligodendrocytes and neural cell dendrites. Recently, it has been shown that expression of pro-inflammatory cytokines, such as interleukin 1-b (IL1-b), interleukin-6 (IL-6) and tumor necrosis factor-a (TNF-a) was elevated in the SAMP8 brain.
8) The oligodendrocytes are vulnerable to various factors that can easily cause cell death, including inflammatory cytokines, viruses and brain-blood barrier disruption. 9) An immunohistochemical study revealed that the activation of astrocytes and microglia occurred in the hippocampal CA1 subfield in addition to the brain stem of aged SAMP8 10, 11) however, the changes in oligodendrocytes in the hippocampus of aged SAMP8 are still unknown. Myelin basic protein (MBP) is a protein accounting for approximately 30% of the total protein of myelin, 12, 13) and it is localized in the myelin and cell body of oligodendrocytes. 4, 15) 2Ј,3Ј-cyclic nucleotide 3Ј-phosphodiesterase (CNP) is an enzyme protein accounting for approximately 4% of the total myelin protein, and it is localized in the cell body and involved in oligodendrocyte processes, although its physiological role is not yet understood. [16] [17] [18] Melcangi et al. 19) reported that the MBP-IR in the sciatic nerve was markedly decreased in normal aging. In the present study, we examined the changes in oligodendrocytes in the brain of SAMP8, using MBP and CNP as an oligodendrocyte marker.
MATERIALS AND METHODS
Animals SAMP8 (SAMP8/Ta) and SAMR1 (SAMR1TA) were used for the immunohistochemical study; SAMR1 was used as the normal aging control. Both of the strains were bred under conventional conditions (23Ϯ1°C, 12 h light/dark cycle with lights on at 7:00 a.m.) and given food (CE-2, Clea Japan, Inc., Tokyo, Japan) and tap water ad libitum. Three mice of both strains at each experimental age (2, 5 and 10 months old) were used in this study. All animal experiments were carried out in accordance with the NIH Guide for the Care of Laboratory Animals and approved by the Animal Care and Use Committee at Hokkaido University.
SAMR1 and SAMP8 were anesthetized by sodium pentobarbital and were perfused transcardially with 4% paraformaldehyde in 0.1 M sodium phosphate buffer (pH 7.4, PB). The brains were removed and post-fixed in the same fixative for 2 h.
Immunohistochemistry All immunohistochemical procedures were performed at room temperature. The fixed brains were embedded in paraffin wax blocks, and sections were 5 mm thick. The sections were mounted on gelatincoated glass slides, deparaffined and washed with phosphatebuffered saline (PBS). All sections were incubated with 1% normal goat serum for 30 min for blocking. Then, some of the sections were incubated with rat anti-MBP antibody (diluted 1 : 5000, Chemicon, Temecula, U.S.A.) for 3 d, while the other sections were incubated with mouse anti-CNP antibody (diluted 1 : 1000, Chemicon) overnight. The sections were washed with PBS and were incubated with biotinylated secondary antibody for 1 h and then with avidin-conjugated peroxidase for 30 min, using Vectastain ABC peroxidase kit (Vector Lab., Burlingame, CA, U.S.A.). The immunoreactions were visualized with 3,3-diaminobenzidine and counterstained with Mayer's hematoxylin. The photographs were taken using a Provis AX-80 microscope (Olympus, Tokyo, Japan).
The Quantification of the Immunostained Area of MBP in the Hippocampus of SAMP8 and SAMR1 MBP immunostained area in the CA1 field of the hippocampus was quantified and expressed as mm 2 using NIH image software version 1.61. The results were expressed as meansϮS.D.; statistical analysis was performed with a Student's t test. Significant values were those with pϽ0.05 (*) and pϽ0.01 (**). Our measurements did not count the number of oligodendrocytes but only the area that was immunostained with MBP antibody in the hippocampal CA1 subfield.
RESULTS

Immunohistochemistry
The MBP-IR was detected in the whole brain of SAMP8 and SAMR1 at all ages tested. In the absence of a primary antibody, the MBP-IR was diminished throughout (Fig. 1C) . The coronal sections, that is, the areas of MBP-IR in the corpus callosum, of SAMP8 at 10 months old were thinner than that of SAMR1 (Fig. 1, arrow) . However, the MBP-IR and morphology of myelin in the optic tract did not show any significant differences between the two strains (data not shown). We did not find any significant changes in the morphology of each MBP-IR fiber in the hippocampus or cerebral cortex of either strain. Although the MBP-IR was distributed in all layers in the hippocampus at all ages tested, the density of MBP-IR fibers was lower in aged SAMP8 (Fig. 1) . Figure 2 shows the density of MBP-IR detected in the hippocampal CA1 subfield of SAMR1 and SAMP8. At 2 months old, the MBP-IR pattern was similar between the two strains ( Figs. 2A, B) . However, the MBP-IR of SAMP8 was decreased with age more progressively than that of SAMR1 (Figs. 2D, E) .
Next, we investigated the immunohistochemical changes of CNP, an another oligodendrocyte marker. Like the case of MBP-IR, the densities of CNP-IR in the CA1 subfield of SAMP8 were lower than those in SAMR1 (Fig. 3) .
The Quantification of the Immunostained Area of MBP in the Hippocampus of SAMP8 and SAMR1 We quantified the area of MBP-IR in the hippocampal CA1 subfield of SAMR1 and SAMP8 at all ages tested. Figure 4 shows the gravity score of the degeneration of oligodendrocytes in the hippocampal CA1 subfield of both strains at all ages tested. In the 2-month-old SAMP8, the degree of the MBP-IR area was 1954 mm 2 as scored by NIH image software, with a 616 Vol. 28, No. 4
Fig. 2. The MBP Immunoreactivity in the Hippocampal CA1 Subfield of SAMR1 (A, C, E) and SAMP8 (B, D, E)
In 2-month-old SAMR1 (A) and SAMP8 (B), the MBP-IR was observed equally. However, the MBP-IR was decreased at 5 months old (D) and 10 months old (F) in SAMP8 compared with that of 5-month-old (C) and 10-month-old (E) SAMR1. Py, pyramidal cell layer; SO, stratum oriens; SR, stratum radiatum. Scale bars, 100 mm. range of scores from 993 to 2569 mm 2 . There were no differences between SAMP8 and SAMR1. However the density of MBP-IR decreased gradually beginning at age 2 months, and the areas of MBP-IR of SAMP8 were decreased more progressively than those of SAMR1 with advancing age beginning at age 5 months ( pϽ0.02 at 5 months old, pϽ0.01 at 10 months old).
DISCUSSION
In this study, we examined immunohistochemically for MBP in the brain of SAMP8 and SAMR1 mice at 2, 5 and 10 months old and tried to quantify the age-related changes of oligodendrocytes by measuring the area of MBP-IR in the hippocampus (CA1 subfield). The density of MBP-and CNP-IR nerve fibers in the CA1 subfield of aged SAMP8 mice at 10 months old was decreased greater than that of SAMR1 mice. In particular, the MBP-IR of SAMP8 was deescalated more progressively with age than that of SAMR1. SAMP8 mice show marked and age-related impairment of the memory and learning ability. The marked increase in astrocyte cells and microglia in the hippocampal CA1 subfield of aged SAMP8 has been shown by immunohistochemistry.
11) The MBP-IR in the CA1 subfield appeared to be in inverse proportion to the other glial cells with advancing age. In normal aged animals and in an experimental injured animal model, the changes in neuronal cells and glial cells in particular were investigated. For example, astrocytes proliferate and are activated with advancing age, showing astrogliosis. 20, 21) Microglia and macrophages are also activated and proliferated, secreting various cytokines damaging to oligodendrocytes. 22, 23) Yagi et al. 7) showed spongy degeneration in the brain stem of aged SAMP8 and also showed by electrical microscopy that the spongy degeneration of the brain stem was caused by myelin sheaths disruption. They also demonstrated that impairment of learning and memory was in proportion to the severity of spongy degeneration. 24) In the brain of aged normal animals, animals from an experimental injured animal model and aged SAMP8, astrocytes and microglia were activated, proliferated and secreted various inflammatory cytokines. IL1-b, TNF-a and IL-6 were expressed in aged SAMP8 brain and were increased compared with levels in SAMR1. 8) Since oligodendrocytes are injured by these cytokines directly, 22) the de-escalation of MBP-IR in the CA1 subfield of aged SAMP8 may suggest that oligodendrocytes are damaged by inflammatory cytokines.
In normal aging and in cases of diseases such as Alzheimer's disease and multiple sclerosis, oligodendrocytes and white matter are affected significantly. For example, it has been reported that the atrophy of white matter of the brain in normal aging, 25, 26) decrease in the amount of myelin, 27, 28) and marked decrease in the amount of MBP in the sciatic nerve were observed in aged rats. 19) With in vitro assay, the myelin sheaths of oligodendrocytes are degenerated with nitric oxide and inflammatory cytokines. 22, 29) The level of CNP in the patient's brain in cases of Down syndrome and Alzheimer's disease was decreased.
30) However, it is not known whether SAMP8 is a model of these diseases and normal aging. The effects of normal aging on oligodendrocytes have been examined in detail using electron microscopy. The thickness of myelin sheaths was increased with advancing age, although the features of axons did not change. 26, 31) The myelin sheaths were broken, had separated from axons as they aged and had formed a balloon-like structure in the sciatic nerve. 32) Since we did not use electron microscopy for our analysis, we have not demonstrated whether the loss of MBP-IR was caused from the loss of oligodendrocytes or the loss of myelinated fibers including neuronal cells. In addition, the intracellular changes of oligodendrocytes of aged SAMP8 have not been investigated. However, MBP-IR in the optic nerve tract and the myelin in the optic nerve of aged SAMP8 were intact. These findings revealed the age-related degeneration of oligodendrocytes in the hippocampus of SAMP8 is probably caused by stress from outer elements, not from deficits of the oligodendrocytes themselves. 
